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Abstract 

Transition metal doping is known to increase the photosensitivity to visible light for photocat- 
alytically active ZnO. We report on the electronic structure of nano-crystalline Fe:ZnO, which has 
recently been shown to be an efficient photocatalyst. The photo-activity of ZnO reduces Fe from 
3+ to 2+ in the surface region of the nano-crystalline material. Electronic states corresponding 
to low-spin Fe 2+ are observed and attributed to crystal field modification at the surface. These 
states can be important for the photocatalytic sensitivity to visible light due to their deep location 
in the ZnO bandgap. X-ray absorption and x-ray photoemission spectroscopy suggest that Fe is 
only homogeneously distributed for concentrations up to 3%. Increased concentrations does not 
result in a higher concentration of Fe ions in the surface region. This is a crucial factor limiting 
the photocatalytic functionality of ZnO, where the most efficient doping concentration have been 
shown to be 2-4% for Fe doping. Using resonant photoemission spectroscopy we determine the 
location of Fe 3d states with sensitivity to the charge states of the Fe ion even for multi-valent and 
multi-coordinated Fe. 



I. INTRODUCTION 



The photo-activity of ZnO is well known and the photocatalytic efficiency of this semi- 
conductor can in some cases exceed that of TiO^—, which has been well studied for its pho- 
tocatalytic properties. ZnO is therefore considered a low cost and environmentally friendly 
alternative to TiC>2. Potential applications such as photocatalytic conversion of organic pol- 
lutants in water by the production of hydroxyl radicals and the splitting of water into H2 and 
O2 have been proposed.- - - The photo-activity is also demonstrated by the transformation 
from hydrophobicity to hydrophilicity when these materials are subjected to UV light .— ~— 
Applications such as anti-fogging and self-cleaning windows have been realized utilizing this 
functionality. 

Both ZnO and Ti02 are wide bandgap semiconductors, which require UV light for photo- 
catalysis to occur. However, for high photocatalytic efficiency from sun light, the responsive- 
ness to lower photon energies needs to be developed. Therefore, doping the semiconductors 
with metal or non-metal atoms as well as mixing them with small bandgap semiconductors 
have been proposed for increasing the susceptibility to visible light.— ^ Several different tran- 
sition metal dopants (Ni, Co, Mn and Cu) in ZnO have been studied for this purpose .-^>i£ 
Co doping appears to be most efficient and low doping concentrations (< 3%) are gener- 
ally most effective, an additional thermal diffusion of Co to the surface have been shown 
to increase the photocatalytic activity.—^ Transition metal doping have also been shown 
to enhance the photoinduced hydrophilicity in TiO^, it has been proposed that either an 
increased amount of oxygen vacancies or an enhanced photocatalytic activity is responsible 
for this effect.- 1 ^ Several ferrite compounds have successfully been applied in visible light 
when mixed with Ti02, where maximum efficiency appears at low ferrite concentrations (1 
- 3%).->2i~— Efficient hydrogen generation have been demonstrated for ZnFe204/SrTi03.— 
Also, studies with Fe 3 4 , Fe 2 3 and ZnFe 2 4 mixed with ZnO have been reported but has 
to date only been tested in the UV regime.-^— In addition to the previously mentioned 
TM dopants, Fe doping of ZnO for visible light sensitizing has recently been reported.— ~— 

Since catalytic processes effectively occur on surfaces it is important that the characteri- 
zation methods are not representative of the bulk, which can have a very different chemical 
and structural composition. For details on the chemistry of ZnO surfaces we refer to a 
review by Woll.— We present an extensive study of the surface composition and electronic 
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structure of Fe:ZnO by x-ray absorption and x-ray photoelectron spectroscopy. 

II. EXPERIMENT 

We have studied Fe:ZnO with Fe in the concentration range 1-10% by means of x-ray 
diffraction (XRD), Raman spectroscopy, transmission electron microscopy (TEM), SQUID 
magnetometry, x-ray photoemission spectroscopy (XPS) and x-ray absorption spectroscopy 
(XAS). The XRD, Raman spectroscopy, TEM and SQUID studies will be presented else- 
where, together with the details of the sol-gel synthesis.— The Fe:ZnO films were prepared 
from stoichiometric solutions by repeated spin-coating on Si [100] substrates with a 300 nm 
native oxide termination. After deposition, the films were annealed in air at 600°C for 5 
minutes. The resulting thickness of the ZnO:Fe fims is about 1 /im. Thin film x-ray diffrac- 
tion data did not indicate the existence of any secondary phases, but rather a phase pure 
wurtzite ZnO. However, Raman spectroscopy and TEM show the presence of an amorphous 
Zn^FeyO phase. Characterization using scanning electron microscopy revealed that the films 
are polycrystalline with the grain size continuously decreasing from 25 nm for 1% Fe to 10 
nm for 10% Fe. 

Here we will focus on the electronic structure obtained by XPS and XAS measurements 
which were performed at the bending magnet beamline D1011 at the MAX-lab facility in 
Lund, Sweden. The synchrotron measurements were performed during three different occa- 
sions with the same samples. For the first set of measurements the samples were heated to 
220°C before valence band (VB) XPS, Fe 2p XPS and resonantly excited XPS characteri- 
zations were performed. For the second round of experiments, the samples were also heated 
to 220°C, prior to measuring Fe L 2i 3 absorption. During the last round of measurements, O 
Is and C Is XPS were performed before as well as after heating to 220°C. The heating was 
performed in-situ for desorbing surface adsorbates. 

III. RESULTS AND DISCUSSION 

A. Valency of Fe at the surface and in the bulk 

The Fe 2p XPS spectra of Fe:ZnO, presented in Fig. [TJ are normalized to the same peak 
intensity for clarity. The spectra are collected with a photon energy of 1050 eV and are 
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energy calibrated relative to the Zn 3d peak for all Fe concentrations. The energy position 
of the Zn 3d peak for the 2% sample is calibrated to an Au Fermi edge in electrical contact 
with the sample. A Fe 2p XPS spectrum of BiFeC>3 obtained using 4 keV photon energy is 
also included in Fig. [T] as a reference of Fe 3+ with octahedral coordination, denoted as Fe 3 ^ . 
This spectrum is is also energy calibrated to the Fermi level. This sample has a satellite 
structure, indicated by the arrow, which is absent in the Fe:ZnO spectra. The satellite 
structure is typical for Fe 3+ .— ~— It is commonly accepted that the main peak of Fe 2+ and 
Fe 3+ involves a charge transfer from the ligand with the final states 2p 5 3d 7 L and 2p 5 3d 6 L 
respectively where L denotes an O 2p ligand hole. The satellite for Fe 3+ comes from a 2p 5 3d 6 
final state without charge transfer from the ligand.— Even though the Fe 2p binding energy 
(BE) can differ between compounds the relative BE between the satellite and the main peak 
can be used as a fingerprint for the valency of Fe. In Fig. [1] none of the Fe:ZnO spectra show 
any distinct satellite structure between the 2p 3 / 2 and 2pi/ 2 spin-orbit split components. This 
corresponds well to a mixed Fe 3+ /Fe 2+ state.— The reason for this mixed valency is due to 
a reduction of Fe 3+ as the sample is subjected to soft x-rays. To obtain reasonable quality 
spectra, as in Fig. [T], a data collection time of about 40 min is necessary. However, XAS 
is better adapted for studying the effect of x-ray induced reduction since a spectrum takes 
only a few minutes to collect. 

For the XAS of Fe L 3 a full absolute photon energy calibration was obtained for the 1% 
and 10% Fe samples. Other samples were shifted to fit with the main peak of the 10% Fe 
sample. XAS of Fe L3 for 2% Fe:ZnO is shown in Fig. [2j The absorption of Fe 2+ is expected 
just above 708 eV (left arrow), while the Fe 3+ is expected just below 710 eV (right arrow). 
The dashed black line indicates the position of Fe 3+ in octahedral coordination obtained 
from a BiFeC>3 sample. The data were obtained with the same instrumental broadening 
as for the Fe:ZnO samples. Usually Fe prefers to order in octahedral coordination and 
therefore it is difficult to find reference data for purely tetrahedrally coordinated Fe. It 
has been suggested that the absorption of Fe 3 ^ is very similar in spectral structure but 
situated around 0.3 - 0.8 eV below Fe 3 ^ and for high-spin Fe 2 ^ there are calculations which 
suggest that it is almost identical to Fe 2 ^ .— ^ We will therefore omit the subscript (oct. 
and tet.) for the Fe 2+ components. The 2% sample was additionally heated to 400° C in 
vacuum after which it was subjected to air (red dashed line). This treatment has oxidized 
the sample which now shows an almost pure Fe 3+ character after short x-ray exposure. This 
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FIG. 1. Fe 2p XPS for different Fe concentrations. A reference Fe 3+ spectra (red dashed) is 
also presented. The arrow indicates the location of a satellite structure which can be used for 
distinguishing between Fe 3+ and Fe 2+ . All Fe:ZnO spectra indicate a mixed Fe 3+ /Fe 2+ state. 

spectrum represents the non-reduced part for all Fe concentrations and is considered to be a 
reasonable fit for the bulk since theoretical modeling of magnetometry data gives excellent 
agreement to experiments by assuming Fe 3+ in the sample.— This assumption is also further 
strengthened in the following sections. 

In Fig. [2] we also show the Fe L 3 absorption after different exposure times to x-rays. 
It is clear that the main peak, which represents Fe 3+ , decreases with time while the peak 
corresponding to Fe 2+ , increases. This suggests that the Fe 3+ is reduced in the presence 
of x-rays. The inset shows the absorption for 5% Fe obtained with both total electron 
yield (TEY) and partial electron yield (PEY). The PEY is recorded with a micro channel 
plate (MCP) detector. PEY is more surface sensitive than TEY and the surface sensitivity is 
further increased by applying a 300 V retarding voltage which blocks the low energy electron 
generated deeper in the sample. These measurements were performed after about 12 hours 
of x-ray exposure, hence the sample had reached a steady state with respect to the effect 
induced by x-rays before conducting the PEY measurements. These measurements reveal 
that the Fe 2+ /Fe 3+ ratio is higher closer to the surface than in the bulk. 

5 




FIG. 2. XAS of 2% Fe:ZnO after different x-ray exposure times. The intensity of the main peak, 
Fe 3+ , decreases as the intensity of the pre-edge peak corresponding to Fe 2+ increases. The inset 
shows the partial absorption of 5 % Fe obtained after a long x-ray exposure time. The partial 
absorption indicates that the Fe 2+ fraction is higher close to the surface. 



We have also investigated the sensitivity to x-rays at 700 eV and 730 eV, before and after 
Fe L 3 absorption respectively, by residing at these photon energies between consecutive 
Fe L3 measurements. No significant changes in the reduction of Fe was observed between 
these photon energies. If the photoionization of Fe were directly involved in the reduction 
process, then a clear difference should be observed since the photoionization cross-section of 
Fe 2p is a factor 10-100 larger than for any other Fe core-level at this photon energy range. 
This suggest that it is likely the x-ray exposure of ZnO which creates oxygen vacancies 
and reduces the Fe. This is normally difficult to detect since it is not possible to directly 
measure oxygen vacancies using x-rays and furthermore, Zn almost exclusively exhibits a 
2+ oxidation state and can thus not be used for detecting a reduction in ZnO. The creation 
of oxygen vacancies have been shown to occur in ZnO during UV exposure^ which makes 
these results interesting from a photocatalytic perspective. 
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B. Quantification of the photoinduced reduction 

Quantifying the fraction of Fe 2+ is not straightforward. Here a simple assumption has 
been made. The intensity of the pre-edge peak of Fe 3+ , which contributes to the intensity of 
Fe 2+ , is | of the main peak (see Fe 3+ (bulk) spectrum in Fig. [2]) and equally the intensity 
of Fe 2+ contributing to Fe 3+ is | of the main peak.— The results are presented in Fig. [3] 
where all the samples show an increase in the amount of Fe 2+ as they are subjected to x-rays 
(note that the time axis is on a logarithmic scale). Interesting to note is the concentration 
dependence, where the low Fe concentration samples appear more prone to reducing Fe 3+ 
upon x-ray exposure. The reduction of the samples is localized to the spot (1x2 mm 2 ) where 
the x-rays are incident. No change in the reduced part of the sample was observed when 
turning off the x-ray exposure for 60 min. After heating the 2% sample to 400°C it became 
insensitive to x-ray exposure (dash/rectangles) and there was no difference in absorption 
between a previously x-ray exposed and non-exposed part of the sample. The sample was 
then subjected to air after which it showed a similar sensitivity to x-rays as before heating to 
400°C The fraction of Fe 2+ after heating to 400°C and subsequent air exposure is connected 
to a saturation of oxygen vacancies and will be discussed further below. 

We have calculated the areas under both the XPS Fe 2p 3 / 2 and XAS Fe L3 spectra and 
plotted the corresponding data in Fig. [4] (top) after normalizing with the areas obtained for 
1% Fe:ZnO. It is clear that the estimation of the concentration thus obtained does not follow 
the nominal concentration above 3% Fe:ZnO. The more surface sensitive XPS data shows a 
lower concentration than XAS at increased Fe concentrations. This can be explained by a 
surface solubility limit which is reached already around 3% Fe:ZnO. By assuming a simple 
model where the nominal Fe concentration is only obtained below a 1.4 nm surface layer 
which has a maximum concentration of 3% Fe, we obtain a good fit to the experimental 
data, see green and red dashed lines. An electron inelastic mean free path of 1 nm was used 
for fitting the XPS data which was derived from the 'universal curve' of the electron inelastic 
mean free path^. An electron escape depth of 2.5 nm^ was used for modeling the XAS data, 
which describes the exponential decay of the XAS intensity Ixas — Io-e(—t/2.5) as a function 
of the probing depth t. In Fig. H] (bottom) we have plotted the Fe 2+ fraction after 50 min of 
x-ray exposure obtained from Fig. [3] for different Fe concentrations. Here the fit is obtained 
using the same model as for the top graph but also including an exponentially decaying 
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FIG. 3. The fraction of Fe 2+ obtained from Fe L3 XAS as a function of the time which the samples 
are subjected to x-rays. The amount of Fe 2+ increases with time for all samples. 

fraction of Fe 2+ . The exponential describes a fully reduced surface i.e Fe 2+ /(Fe 2+ +Fe 3+ ) = l, 
which decays to Fe 2+ /(Fe 2+ +Fe 3+ )=l/e at a depth of 1.4 nm. This model fully describes 
why we observe an apparent concentration dependence in the susceptibility to reduction by 
x-rays. 

C. Electronic structure at the valence band 

The valence band (VB) photoemission spectra of ZnO for different Fe concentrations are 
given in Fig. |5j The spectra are obtained using a photon energy of 200 eV, except the two 
spectra denoted 700 eV, which are obtained from resonant photoemission spectra (see Fig. 
If)]). The spectra obtained with 200 eV photon energy are normalized to the same Zn 3d 
peak height (at ~15 eV, not shown). The VB obtained at 700 eV has been normalized to 
compensate for the change in cross-section ratio of Zn 3d, O 2p and Fe 3d between 200 eV 
and 700 eV photon energy. The VB of pure ZnO which is mainly comprised of O 2p states 
has the VB edge at around 3.4 eV binding energy (dashed line) indicating that the Fermi 
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FIG. 4. (Top) The estimated Fe concentration obtained after normalization at l%Fe:ZnO. The 
XAS (triangles) estimation is more bulk sensitive than the XPS (circles), suggesting a solubility 
limit at the ZnO surface of 3% Fe. Dashed lines are fitted by assuming a 1.4 nm surface region 
with a low Fe concentration. (Bottom) The Fe 2+ fraction obtained from Fig. [3] after 50 min of 
x-ray exposure for different concentrations. Dashed line is a model fit assuming an exponential 
decay length of the Fe reduction of 1.4 nm. 

level is located close to the conduction band (CB) edge. The Zn 3d BE for the Fe containing 
samples are similar as for our pure ZnO, with less than 0.1 eV difference. This behavior is 
often found for sol-gel produced ZnO.— We have aligned the Zn 3d for all samples in Fig. 
[5] to facilitate the comparison of states in the near band gap region for different samples. 
Again we emphasize that this only introduces maximum 0.1 eV error in the absolute BE 
scale. 

The lower part of Fig. shows the partial density of states (PDOS) of Fe 3d obtained 
by subtracting the spectrum of ZnO from the Fe:ZnO samples. The PDOS of the 700 eV 
measurements should be considered indicative since the VB of pure ZnO, which was used 
for subtracting, was obtained at 200 eV. The Fe:ZnO sample shows mainly two regions with 
additional states due to Fe, located in the ZnO bandgap (1 - 2.5 eV BE) and the ZnO VB 
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FIG. 5. Valence band photoemission with 200 eV photon energy, except when noted 700 eV. The 
ZnO has a VB edge at 3.4 eV BE suggesting a Fermi level close to the conduction band. Lower 
panel shows the partial density of states for Fe 3d. Bandgap states at 2 eV BE are not visible at 
high photon energies indicating their location on the surface. Fe 3d states are located deeper in 
the VB for more bulk sensitive measurements using 700 eV photon energy. 

edge (2.5 - 4.5 eV BE). These states were also observed by Kataoka et al.— These spectra 
were collected with a photon energy of 200 eV but the band gap states are not visible with 
a photon energy of 700 eV. Lower photon energies gives a higher surface sensitivity which 
would suggest that the intensity observed in the gap is due to states in the near surface region 
of the nano-crystals. These states are potentially important for photocatalytic properties 
and will be discussed further below where we describe the resonant photoemission results. 
The states observed between 3 and 4 eV BE also appear to have lower intensity at higher 
photon energies while states located at higher BE than 4 eV have increased. 

We have performed resonant photoemission spectroscopy (RPES), see Fig. E] (right panel), 
around the Fe L 3 edge to obtain further insight of the states observed in the VB. For photon 
energies below the Fe L3 absorption onset, the intensity must formally be due to direct 
photoemission of valence band states 2p 6 3d 6 + hv — > 2p 6 3d 5 + e~ . At photon energies higher 
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than the Fe L3 photoexcitation threshold, there is a second channel available, 2p 6 3d 6 + hv — >■ 
2p 5 3d 7 — > 2p 6 3d 5 + e~, i.e. involving a core hole in the 2p level in the intermediate state.— 
Both channels result in the same final state which gives a resonant enhancement of Fe 3d 
contribution in the valence band. The main strength of this measurement is that the BE for 
different chemical states of Fe 3d can be distinguished if they exhibit different absorption 
energies, which is the case between Fe 2+ and Fe 3+ . Also, since the resonant enhancement 
is closely related to the absorption probability, it is possible to deduce partial absorption 
spectra which indicates the Fe L 3 absorption structure for different chemical states of Fe. 

The partial absorption spectra in Fig. (left panel) are obtained from the RPES data in 
Fig. M (right panel) by integrating the intensity over a specific BE range. A linear background 
has been subtracted from the partial absorption spectra. The baselines of these spectra have 
been shifted to coincide with the binding energy of the RPES spectrum to the right, from 
which the spectra are obtained. The BE integration width was 0.3 eV, centered around the 
these baselines. The band gap states, which were clearly visible in the valence band spectra in 
Fig. [5j are now also visible at resonant energies, see spectrum Al. States closer to the the VB 
edge, see spectrum A4, exhibit a partial absorption which is typical for high spin Fe 2+ both 
regarding the peak absorption energy (P2) and the additional shoulder structure.— Since 
spectrum Al is relatively close to Fe 2 ^. but shows no multiplet features, it is characterized 
as Fe 2 ^ (low-spin).— The crystal field splitting for Fe at the surface, where the Fe 2+ have 
been shown to reside, can be very different to what is found in the bulk which could alter the 
spin state.— However, it is more likely that the lower coordination on the surface will 
result in an intermediate spin (S=l) state rather than low-spin (S=0). We therefore suggest 
that some of the Fe 2+ present at the surface are coordinated to a strong ligand such as CO 
or even O2, which have been shown to easily bind to high-spin Fe 2+ , resulting in a high-spin 
to low-spin transition.— The spectra A2 and A3 can be modeled by creating suitable linear 
combinations of Al and A4. Two peaks, which can not be distinguished here, at photon 
energies corresponding to P3 and P4 increase in magnitude in spectra A5 to A8. These are 
attributed to tetrahedrally and octahedrally coordinated Fe 3+ , respectively. 

By choosing a particular photon energy, in the Fe L3 region, it is possible to isolate 
different Fe 3d contributions in the VB, as shown in Fig. [7] (left panel). This figure shows the 
RPES after integrating over different photon energy regions, which are indicated by arrows 
in Fig. [7J (right panel). A valence band spectrum collected at off- resonance (702 eV) has been 
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FIG. 6. Partial Fe L3 absorption (left) and VB RPES (right) of 5% Fe:ZnO. The partial absorption 
is obtained by taking a slice from the RPES spectrum at the BE corresponding to the base line of 
the absorption spectra (Al - A8). Four different components are identified as Fe^, Fefi s , Fe 3+ 
tetrahedral and Fe 3+ octahedral with peak positions at PI, P2, P3, and P4, respectively. 

subtracted so that the spectra only contain resonant features. The absorption spectrum in 
Fig. [7J (right panel) is obtained by integrating the 2D spectrum in the right panel of Fig. [6]over 
the whole binding energy range (0-9 eV binding energy). The intensity of Fe 2+ compared 
to Fe 3+ is much higher than for the TEY signal given in the inset of Fig. [2] due to the 
surface sensitivity that is established when only electrons that have essentially experienced 
no inelastic losses are considered. We have already shown that the states located in the 
ZnO band gap labeled A are due to Fe^, which apparently gives a significant contribution 
to spectrum SI in the energy range ~ 0.5 — 2.4 eV. However, spectrum SI also has a 
contribution from Fe^ states. By forming the difference between spectra SI and S2 we 
subtract the Fe^ component from SI. This difference is shown at the bottom of Fig. [7J By 
considering the difference spectrum, it is now more clear that features attributed to Fe^ 
states also give intensity at position B, i.e., around 3.6 eV. The BE split between feature A 
and B is about 1.7 eV which corresponds well to the crystal field splitting induced by a 2 
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FIG. 7. (Color online) Resonant PES (left) obtained at the photon energies shown in the absorption 
spectra (right). Resonant features are identified for different valencies and coordinations of Fe ions. 
The difference between SI and S2 is shown in the lower part to make feature B more distinct. 

ligand.— The S2 spectrum is mainly assigned as being due to Fe 2 ^ configurations giving the 
spectral feature at energy position C, though a small contribution from Fe 2 "^ is not excluded 
in this energy range. The resonant photoemission spectrum obtained at the excitation energy 
corresponding to the main Fe 3+ peak (S3), contains contributions from Fe 2+ and both Fe 3+ 
coordinations, which results in an broad structureless feature. By subtracting a tetrahedral 
Fe 3+ component from the partial absorption (not shown) we found that the octahedral and 
tetrahedral Fe 3+ components are most easily distinguished using photon energies of 711 eV 
and 713 eV, respectively. Also, at these photon energies the Fe 2+ contribution is relatively 
small. Spectrum S4, recorded with a photon energy in slight excess of 711 eV where we 
expect to excite predominantly octahedral Fe 3+ , has most of the intensity at D (~ 6eV) 
but shows a feature around C as well. Finally, the spectrum S5 must be mainly attributed 
to tetrahedral Fe 3+ since the cross section is small for the other states at these photon 
energies. Also here, we find a spectral feature deep in the valence band (E) as well as in the 
valence band edge (B-C). Similar features have been observed by Thurmer et al.— for Fe 3+ 

13 



XAS 2 % Fe 



2 min X-ray exposure 





704 706 708 710 712 714 

Photon energy (eV) 



FIG. 8. Decomposition of 2% Fe:ZnO XAS for different x-ray exposure times. The Fe 3+ (bulk) 
component decreases with x-ray exposure while the Fe^ increases. The other components are 
relatively weak and appear unaffected by x-ray exposure. 

in aqueous solution. 



D. Decomposition of Fe 2p and O Is XAS 

The partial absorption spectra Al (Fe^tj) and A4 (Fe^) shown in Fig. El and the 2% Fe 3+ 
bulk spectra and reference Fe 3+ octahedral spectra in Fig. |2l are used as components for the 
decomposition of TEY absorption spectra obtained after different x-ray exposures. The bulk 
Fe 3+ component decreases with time for the 2% Fe:ZnO samples in Fig. |8l while the Fe^. 
component increases. The Fe^ component is very weak as expected since it resides on the 
surface and TEY is relatively bulk sensitive. It is clear that an additional octahedral Fe 3+ 
component is necessary, in excess to the Fe 3+ (bulk) spectra, for a reasonable fit. Only the 
Fe^ and Fe 3+ (bulk) appears to be sensitive to x-ray exposure, the intensity is however weak 
for the other components and the result is thus associated with a large uncertainty. Similar 
behavior in the decomposition of the 10% Fe:ZnO XAS was also observed (not shown). 
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FIG. 9. XPS of O Is before and after 1 hour of x-ray exposure. The oxygen is fitted by five peaks. 
Water at high BE (533 eV) is approximately the same for all samples. The hydroxide peak at 
532.1 eV is higher for the 5% Fe:ZnO sample but reaches similar levels for all samples after x-ray 
exposure. The ZnO peak at 530.4 eV is higher for the 5% sample due to less surface adsorbed 
species. 



The deconvoluted spectra of O Is is shown in Fig.[9]for 10% Fe:ZnO, 5% FeZnO and ZnO. 
At high binding energy, 533 eV BE, we find O Is from water with relatively equal intensity 
between samples, with a small increase after x-ray exposure. The peak at 530.4 eV which 
is O 2- from the ZnO wurtzite structure becomes more visible as the surface layer of carbon 
is partly desorbed by x-ray exposure. The total amount of carbon is about 12% lower for 
the 5% Fe:ZnO sample (not shown) than for the other two samples which can explain why 
the O 2- peak is more visible for the 5% Fe:ZnO sample. However, after 1 hour of x-ray 
exposure the average carbon intensity decrease is 20% after which the carbon content is 
about the same for all samples. The peaks at 532.1 eV and 531.3 eV BE are both in the 
range of hydroxyl and are likely species bound to different sites at the surface SJ&JiLiU The 
weak structure at 529.7 eV BE is not found in the literature, probably since it is difficult 
to resolve from the main peak at 530.4 eV BE.— v&BL This peak is only observed for 10% 
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Fe:ZnO and ZnO and could be related to a small shift in the Zn 3d peak of 70 meV to 
lower BE after 1 hour of x-ray exposure since both effects are observed for the pure ZnO 
and 10% Fe:ZnO sample but not for the 5% Fe:ZnO sample. Due to the large difference in 
the observed shift between Zn and O it cannot be related to a Fermi level shift. However, 
a large increases in the number of available charge carriers induced by oxygen vacancies 
could improve the screening of the core ionized final state, resulting in a chemical shift 
to lower BE for both O and Zn. As was mentioned earlier, oxygen vacancies which are 
generated by the x-ray exposure are likely responsible for the reduction of Fe. The 2% 
sample becomes insensitive to x-ray exposure after heat treatment to 400°C, see Fig. |3l 
since oxygen vacancies already are induced by heating to the extent that further creation 
by irradiation is unfavorable.—^ The Fe 2+ component does not show the same intensity 
asymmetry between PEY and TEY absorption after heating to 400° C as before heating, 
indicating the existence of oxygen vacancies deeper in the bulk of the ZnO. Also, since 
heating generates more oxygen vacancies overall (bulk and surface), a relatively speaking 
smaller amount can be generated near the surface before additional creation of vacancies 
becomes unfavorable. This could explain the lower fraction of Fe 2+ obtained for the 400°C 
heat treated sample. Exposing this sample to air, removes oxygen vacancies and it again 
becomes sensitive to x-ray exposure, see Fig. [3j 

Both CO2 and hydroxide binds to oxygen vacancies on the ZnO surface^ 2 - 1 ^ 1 ^ which can 
explain the lower amount of carbon on the 5% Fe:ZnO sample. An intermediate concentra- 
tion of Fe will make the surface more prone to bind OH instead of CO2. Increased OH peaks 
have been connected to increased photocatalytic performance.— 1 ^ We also observe that the 
decrease of the OH peaks when exposed to x-rays is larger for the 5%Fe:ZnO sample in ac- 
cordance with the finding that intermediate doping of transition metal in ZnO can increase 
the production of hydroxide radicals in photocatalytic processes.-^ 

The O Is spectra in Fig. M were collected without heating the sample to 220°C since 
both the carbon and oxygen spectra are insensitive to x-ray exposure after heating. The 
Fe spectra are relatively unaffected by the heat treatment which means that the creation of 
oxygen vacancies is not only induced by the desorption of surface adsorbates. 
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IV. CONCLUSIONS 



An detailed study of Fe:ZnO for Fe concentrations in the range 1-10 % have been per- 
formed by means of x-ray photoemission spectroscopy and x-ray absorption spectroscopy 
The bulk is found to contain mainly Fe 3+ in octahedral and tetrahedral coordination. An 
amorphous Zn^FeyO was found with Raman spectroscopy and TEM, whereas XRD suggests 
a pure ZnO wurtzite structure. We have observed a high sensitivity to x-rays in the surface 
composition of Fe. Fe 3+ in the near surface region is reduced to Fe 2+ by x-ray exposure. 
The reduction appears insensitive to the energy of the x-rays suggesting that the effect is 
not connected to the photoionization of the Fe atom. We believe the reduction to occur due 
to the creation of oxygen vacancies. Since the creation of oxygen vacancies have been shown 
to occur in ZnO during UV exposure^, the results obtained here are likely very relevant 
for photocatalytic properties in ZnO. The reduction is not due to the desorption of any 
adsorbed molecules since the reduction of Fe prevails even though the C Is and O Is XPS 
are unaffected by x-rays after heat treatment to 220°C Since there is no apparent surface 
preference of Fe 2+ after heating to 400°C we can conclude that the reduction occurs deeper 
inside the sample by heat treatment than by x-ray exposure. A model which suggests the 
reduction to occur down to about 1.4 nm below the surface fits well with the experimental 
data. We have shown that the solubility of Fe is only about 3 % in this region, which is 
a likely explanation to the finding that the photocatalytic efficiency peaks at low doping 
concentrations. We propose that it is only dopant atoms associated to the surface region 
which have a positive effect on the catalytic properties. Sample preparations methods that 
can increase the surface concentration of Fe while keeping the concentration low in the bulk 
can thus give a significant increase of the catalytic efficiency of ZnO. We have also found that 
an intermediate Fe concentration seems to promote hydroxide adsorbents rather than CO2 
and is more sensitive to x-rays concerning the desorption of hydroxide. This is in contrast to 
the high Fe concentration sample which is very similar to pure ZnO in these aspects, which 
could explain why the photocatalytic efficiency decreases for high doping concentrations. 

Valence band XPS shows Fe states deep in the ZnO bandgap as well as states at the 
VB edge. Resonant photoemission indicates the BE position of Fe 3d states for different Fe 
constituents. States associated to Fe 2+ are found at the VB edge, while the Fe 3+ components 
correspond to spectral features also at higher BE. The bandgap states are proposed to be 

17 



Fe 2+ in a low-spin configuration. The low-spin state is likely formed by a ligand such as O2 
which increases the crystal field splitting. These states are formed at the surface and are 
potentially very important for visible light photocatalytic activity due to their location deep 
in the VB, which makes it possible to induce electron- hole pairs with visible light. 
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